Abstract: A predictive, coastal erosion/shoreline change model has been developed for a small coastal segment near Drew Point, Beaufort Sea, Alaska. This coastal setting has experienced a dramatic increase in erosion since the early 2000's. The bluffs at this site are 3-4 m tall and consist of ice-wedge bounded blocks of fine-grained sediments cemented by ice-rich permafrost and capped with a thin organic layer. The bluffs are typically fronted by a narrow (∼5 m wide) beach or none at all. During a storm surge, the sea contacts the base of the bluff and a niche is formed through thermal and mechanical erosion. The niche grows both vertically and laterally and eventually undermines the bluff, leading to block failure or collapse. The fallen block is then eroded both thermally and mechanically by waves and currents, which must occur before a new niche forming episode may begin. The erosion model explicitly accounts for and integrates a number of these processes including: (1) storm surge generation resulting from wind and atmospheric forcing, (2) erosional niche growth resulting from wave-induced turbulent heat transfer and sediment transport (using the Kobayashi niche erosion model), and (3) thermal and mechanical erosion of the fallen block. The model was calibrated with historic shoreline change data for one time period , and validated with a later time period
Introduction
Portions of the Beaufort Sea coast have experienced a dramatic increase in erosion since the early-2000's (Jones et al. 2009a ). This phenomenon is best documented along the north-facing segment of coastline located between Drew Point and Cape Halkett, where mean annual erosion rates have been as high as 13:6 m=yr between 2002 and 2007 (Jones et al. 2009a) , and 17:1 m=yr between 2007 and 2009 (Arp et al. 2010) . The erosion rate along this portion of the North Slope is higher than neighboring areas on account of the high ice content of the bluffs, the fineness of the sediment grains found in the bluffs, and the absence of barrier islands (Reimnitz et al. 1988; Jorgenson and Brown 2005) . Acceleration of the erosion rate in this area of continuous permafrost is likely associated with the warming of the Beaufort Sea, the warming of the atmosphere, and the increase in the spatial and temporal extent of open water conditions.
Many of the Arctic coastal erosion studies conducted have focused on monitoring the shoreline change and/or providing a description of the different types of processes causing coastal change (Reimnitz et al. 1988; Brown et al. 2003; Mars and Houseknecht 2007; Jones et al. 2008; Jones et al. 2009a; Jones et al. 2009b ). Other studies have focused on the development of quantitative, physics-based models of various types of erosion processes including thermal erosion of niches during storm surges (Kobayashi 1985) and the subsequent block collapse (Hoque and Pollard 2009) , erosion of frozen cliffs by wave run-up (Kobayashi et al. 1999) , and retrogressive thaw failure (Hoque and Pollard 2008) ; however, the models developed are generic in character and lack calibration with field or remotely sensed data. Development of physically realistic and predictive erosion models is hindered by a lack of geological (e.g., sediment grain size and beach profile) data for locations where specific erosion types are known to be active. Jorgenson and Brown (2005) developed a coarse-scale characterization of shoreline types, which provides a starting point.
In this paper, a coastal erosion/shoreline change model is developed at a location (N 70°53′ 4.9″, W 153°51′ 23.6″) near Drew Point, Alaska, where (1) the erosion mechanism is reasonably well understood, (2) there is sufficient geological data, and (3) there is good quality historic shoreline position data from 1979, 2002, and 2007 for model calibration. The focus area for this study is a 4.3-km section of coastline centered 3 km east of Drew Point (Fig. 1) . Here, erosion proceeds primarily via erosional niche growth followed by block collapse. This section of coastline consists of 3-4-m-high permafrost bluffs. The ice content of the bluffs is high (∼80%) and soil grains are silt-sized (Jorgenson and Brown 2005) . Typically, but not always, the bluff is fronted by a small (∼5 m-wide) beach. Recent visits have suggested there is little or no beach in some places. During a storm surge, the Beaufort Sea contacts the base of the bluff and thermally and mechanically erodes a niche. The niche erosion will grow vertically and laterally and eventually undermine the bluff, leading to block collapse (Fig. 2) . The cross-shore position of the "melting front" within the niche is an important variable accounted for in the model. Typically, the block collapse occurs along the boundaries of the ice-wedge polygons (Fig. 3) . Since ice wedges at this site are spaced approximately 10 m apart, the fallen blocks are approximately 10 m wide crossshore-wise. Because of the fineness and the low concentration of bluff sediments (approximately 80% ice by volume), the eroded material does not contribute significantly to the defense of the bluff. The bluffs also include a 1-m thick layer of tundra vegetation and peat soil which appear to retard erosion, however, quantitative information on the erodibility of the tundra vegetation and peat soils is not yet available. Recent shoreline-change analysis (Jones et al. 2009a) indicates shoreline erosion has increased in this area over the past few decades. In the 1955-1979, 1979-2002, and 2002-2007 periods, the shoreline erosion rates were: 5:9 AE 0:5 m=yr, 8:1 AE 0:6 m=yr, and 14:1 AE 1:0 m=yr, respectively, at the Drew Point study site. Increasing mean annual erosion rates are likely a result of warming of the Beaufort Sea (Steele et al. 2008) , an increase in the spatial extent of open water, and temporal lengthening of the open water period (Serreze et al. 2007; Lindsay et al. 2009 ). The goals of this paper are (1) develop a process-based coastal erosion/shoreline change model, (2) calibrate the model with the historic shoreline change data, and (3) use the model to better understand the relative importance of processes contributing to coastal erosion. Later, the model will be used to predict future shoreline-change rates while accounting for a likely climate change scenario.
Model of Erosional Niche Growth, Block Collapse, and Erosion of Fallen Block at Drew Point Site
This paper employs a conceptual model in which erosion of the bluffs east of Drew Point, North Slope Alaska, is a four-step process including: (1) a storm-induced rise in water level allowing contact between the Beaufort Sea and the permafrost bluff, (2) growth of an erosional niche at the base of the bluff during the period of storm surge, (3) block collapse, and (4) erosion of the fallen block (Fig. 4) . In order to model shoreline position change, several processed-based models were developed and linked using the conceptual model as a guide. The process-based models include a 1D storm surge model [extending from the shoreline to 125 km offshore (130 m water depth)], a 1D model of niche growth, a 2D wave transformation model, and an empirical model of block erosion. Block collapse was assumed to occur as soon as the niche depth reached a critical extent (nominally 10 m), and was not explicitly modeled. Both 1D models of storm surge and niche growth account for cross-shore position (x) and time (t). They both assume no alongshore variability. The 1D storm surge model is solved using a finite difference scheme. The 1D niche erosion model is analytical. In the niche erosion model, the erosion rate is mainly a function of water temperature and water depth (calculated by the storm surge model). The 2D wave transformation model is numerical The various process models are described in detail below. A model of shoreline position change, accounting for those four steps using the process models, was developed for two time periods: 1979-2002 and 2002-2007 . The model assumed that shoreline position changed only during the open water period which lasted three to four months per year, from July to October.
Environmental Parameters and Variables and Model Organization
Accounting (and calculation) for most environmental conditions/ variables were conducted in 12-h blocks within each of the two periods for which shoreline change was calculated. Twelve-hour blocks were used for simplicity because the average duration of a storm surge in the Beaufort Sea is approximately 12 h (Hume and Schalk 1967) . The parameters/variables included: wind speed, wind direction, atmospheric pressure, water level relative to mean sea level (and water depth at the base of the bluff), wave height in the near-shore zone (at 3-m depth, H), cross-shore position of the niche's melting front, x m , and block mass (per unit length in the alongshore direction, M block ). The latter two were dependent variables which accounted for the shoreline position and extent of erosion. Wind and atmospheric pressure data were obtained from the Barrow, Alaska meteorological station (Fig. 1) . Water level and wave conditions were calculated for each half-day period using quasi-steady models (described below). The cross-shore position of the niche melting front (when a niche was present) and the erosion of a fallen block (when present) were modeled using the modules described below. The niche growth and block erosion were assumed to occur sequentially (not in parallel or simultaneously). Niche growth would only occur after the fallen block (from previous niche growth) degraded. When block erosion was happening, the base of the bluff was assumed protected from erosion and no niche growth occurred.
Near-shore water temperature, important in the modeling of niche erosion, was represented by a monthly average for each open water month (July-October) and for each of the two time periods Fig. 4 . Conceptual model of erosional niche/block collapse mechanism (Table 1 ). The near-shore and near-surface (0-5-m depth) temperature was calculated using a fully coupled ocean-ice model (Zhang et al. 2010) . The model domain covers the Northern Hemisphere, north of 39°N latitude. The grid configuration of the model is based on a generalized, orthogonal, curvilinear coordinate system. It has a high horizontal resolution for the Chukchi and Beaufort seas, approximately ranging, on average, from 3 km along the Alaskan coast to 10 km for the entire Chukchi and Beaufort seas. This model was used for a retrospective simulation of the arctic ocean-ice system during the two time periods (2002) (2003) (2004) (2005) (2006) (2007) . Average, calculated near-shore water temperature from July to October for 1991-1994 (the only time such data are available) was within 0.5°C of measured water temperature at Prudhoe Bay for the same time period; however, significant differences between modeled and measured value for monthly water temperature when averaged over the three year period. The model under-calculated temperature for July and August by 2.5°C and 1.3°C, respectively, and overcalculated temperature for September by 1.9°C. The Prudhoe Bay water temperature gauge was generally inoperable after 1994 (except 2004) when the model calculations and measurements were similarly related. Bathymetric data had a resolution of approximately 1 km (Torre Jorgenson, personal communication 2008) .
Storm Surge Model
A simple storm surge model was developed for the site, in order to estimate the water level relative to mean sea level (η) as a function of meteorological condition (measured at Barrow, Alaska) for each 12-h period. The calculated near-shore water level was adjusted by the wave setup (described in wave modeling section below). The model did not account for the presence of ice. Given that the normal tidal range is approximately 0.2 m, and significantly less than the typical storm surge (approximately 1-2 m), the tidal effect on water level was neglected. The storm surge model was based on the crossshore equation of motion (Dean and Dalrymple 2004) , assuming a long and straight coastline:
where g = gravitational acceleration; h m = mean water depth; x = onshore directed position coordinate; y = alongshore position coordinate; f = Coriolis frequency [¼ 2Ω sin ϕ, Ω = angular frequency of the Earth (7:272 × 10 À5 rad=s)]; ϕ = latitude of study site; ρ = sea water density (∼1;020 kg m À3 ); V = depth-averaged, alongshore water velocity (defined below); and τ sx = wind stress on the water surface in the onshore direction. The cross-shore (and alongshore) wind stresses were obtained from the wind stress direction and wind stress magnitude,
À6 is a drag coefficient and W 10 = wind speed at a 10-m elevation (Dean and Dalrymple 2004) , as measured at Barrow, Alaska.
Alongshore velocity was calculated from the alongshore equation of motion
where τ sy = alongshore component of wind stress; τ by ¼ ½ ρ 8 f 0 V 2 = and represents the bottom shear stress in the alongshore direction; and f 0 = Darcy-Weisbach friction factor (Munson et al. 2002) . Assuming steady-state conditions, the solution (i.e., V) is found by equating the wind stress and bottom stress. For simplicity, and because the average duration of a storm surge in the Beaufort Sea is approximately 12 h (Hume and Schalk 1967) , semidiurnal averages of the wind vector were calculated, and the steady-state solution of eq. (2) was used to estimate alongshore velocity as a function of cross-shore position. Based on the semidiurnal alongshore velocity estimate, semidiurnal water level was calculated with Eq. (1), assuming negligible surge far (125 km) offshore from the site (∼130 m deep). In addition, setup/setdown related to atmospheric pressure was included by adjusting the water level by the "baroclinic tide," ÀP atm =ρg, where P atm is the 12-hr averaged, atmospheric pressure relative to standard conditions (Dean and Fig. 5 . Agreement between the model and measurements is good overall (rms error ¼ 0:28 m). Occasional disagreements (e.g., around Oct. 18) are a consequence of a non-uniform wind field (as indicated by varying wind conditions at Barrow and Prudhoe Bay).
Determination of Beach Elevation Niche Erosion Model
The mathematical model of niche erosion developed by Kobayashi (1985) was used to estimate the growth rate of the erosional niche for those time periods when the Beaufort Sea was in direct contact with the permafrost bluff. It was assumed that no niche growth occurred when the Beaufort Sea was not in direct contact with the bluff. The Kobayashi model addressed a storm surge situation in which the water level rose rapidly allowing the Beaufort Sea to contact the base of the bluff. The Kobayashi model assumed there was a constant water depth at the base of the bluff and within the niche (Fig. 6) . Secondly, the model assumed that when thermal erosion occurred, there were breaking waves on the beach before the bluff and within the niche. The height of the niche was assumed to be βh where h is water depth at the base of the bluff during the storm surge and β is a constant with a nominal value of 2. The model consisted of three partial differential equations based on mass balances of salt and suspended sediment, and a heat balance of a sediment/water mixture. Vertically well-mixed conditions were thereby reducing the problem to a one-dimensional (cross-shore direction), unsteady boundary, value problem with a moving boundary (Fig. 6 ). The moving boundary represented the landward, vertical wall of the niche which was assumed to be moving landward. The principal variables in the Kobayashi model are the suspended sediment concentration (C); salt concentration in the water (S); water temperature (T); and horizontal (cross-shore) fluid velocity (u). The relevant physical and thermal properties of the seawater and frozen sediment include: seawater density (ρ w ); suspended sediment density (ρ s ); density of interstitial pore ice (ρ i ); specific heat of seawater (c w ); specific heat of suspended sediment (c s ); specific heat of interstitial pore ice (c i ); porosity of frozen sediment subject to thermal erosion (n); salinity of interstitial pore ice in frozen sediment (S i ); and latent heat of fusion of interstitial pore ice (L i ). Assuming (1) the surf zone diffusivities for mass and heat transfer can be estimated as surf zone eddy diffusivity (ε ¼ Ah ffiffiffiffiffi gh p ), where A is an empirical constant (∼0:4, LonguetHiggins 1970), and (2) all physical and thermal properties of the seawater and frozen sediment are constant, the mass-balance and heat-balance equations are simplified and amenable to an analytical solution (Kobayashi 1985) 
where x m is the position of the vertical melting front (Fig. 6 ), and ξ m is a temperature-dependent parameter described below. Note, the model assumes that the pre-storm melting front position is zero (x m ¼ 0). Also, the niche effectively grows according to wave height, to the ¾ power, given the dependence of eddy diffusivity on water depth, and assuming wave height is proportional to water depth in the surf zone (Thornton and Guza 1982; Rogers and Ravens 2008) . Based on data which characterizes physical and thermal properties of seawater, ice, and sediment (Jumikis 1966) , and assuming further that the ambient, pre-storm suspended sediment concentration and salinity are 0 mg=L and 30%, respectively, Kobayashi (1985) 
Block Erosion Model
When the erosional niche exceeds an assumed "critical niche depth" (∼10 m), the model assumed the weight of the overhanging bluff exceeds its shear strength, and the bluff suffers block collapse. Observations of block collapse indicate the collapse typically occurred along an ice-wedge (Fig. 2) . Further, ice wedges are an integral component of the permafrost dominated terrain at the study site and they are typically separated by approximately 10 m. The initial mass of the fallen block (per m alongshore, M block ) was estimated as 20;903 kg=m based on data provided by Jorgenson and Brown (2005) . Erosion of the fallen block during a 12-h period (ER, kg=m alongshore) was considered dependent on water temperature, relative to the melting point (T d ¼ T a À T m ), and the significant wave height at 3-m depth (H):
where a (kgðm°CÞ À1 ) and n are empirical constants to be determined. Note, wave height at a 3-m depth was used since bathymetric data from shallower depths was not available. The form of the Fig. 6 . Schematic of the conditions assumed in the niche growth model erosion rate equation was chosen based on the Kobayashi (1985) niche erosion model (in which the niche grows as H 0:75 T d ). Wave height was calculated using a simulating waves nearshore (SWAN) wave model Ris et al. 1999; Booij et al. 2004 ) for each 12-h period during the two time frames for which shoreline change was to be modeled. The SWAN wave model was developed by the Delft Institute of Technology specifically for near-shore applications. The model accounts for wave generation resulting from wind action, exchange of wave and energy between different wave frequencies, and wave shoaling, diffraction, and breaking. The model was operated in quasi-steady mode which calculated near-shore wave conditions (3-m depth) as a function of the average wind speed and direction during the 12-h period with consideration for the bathymetry and extent of open water. Based on the calculated wave height, period, and direction at a 3-m depth (approximately 3 km offshore), the near-shore wave setup (η ws ) was calculated. Wave transformation between the 3-m-deep location and the breaking point was performed according to Snell's law using refraction and shoaling coefficients (Dean and Dalrymple 2004) . The breaking point was determined assuming a breaker index for spilling waves (γ ¼ 0:8). The near-shore wave setup was estimated as H b ðK=γ À 0:05Þ, where K ¼ ð3γ 2 =8Þ=ð1 þ 3γ 2 =8Þ (Dean and Dalrymple 2004) .
The average extent of open water (north, east, and west of the study site) was estimated on the basis of weekly sea-ice concentration data from the National Ice Center (NOAA 2009). Monthly estimates were determined during the open-water period for the two time periods evaluated. The extent of open water in the vicinity of the study site was represented by a "rectangle."
The top side of the rectangle was coincident with a line of latitude, and the left and right sides were coincident with lines of longitude. The northern extent of the rectangle was assumed coincidental with the latitude of the nearest 10% ice concentration contour. That is, wave generation and propagation of ice was assumed negligible for ice concentrations greater than 10%. The westward and eastward extents of the "open water rectangles" were determined based on the westward and eastward extent of ice (i.e., the 10% sea ice concentration contour) at the latitude halfway between the shore and the northern ice edge. The extent of open water assumed during four open-water months for two time periods is provided in Table 2 .
Rather than calculate the wave character for specific wind conditions in each 12-hr period, wave character was pre-calculated for 32 wind conditions which covered the range of wind conditions seen at the site. The 32 wind conditions corresponded to four wind speed bins (0-4 m=s, 5-9 m=s, 10-14 m=s, and 15-19 m=s), and eight 45-degree-wide wind direction bins centered at 0, 45, 90 degrees, etc.
Integration of Model Components and Long-Term Simulation of Coastal Erosion
The manner in which the various model modules were integrated to simulate coastal erosion is portrayed in the flow chart in Fig. 7 . The shoreline change was calculated for each of the time periods independently based on available wind, ice, and water temperature data. Each simulation was begun assuming no erosional niche and no fallen blocks. During each 12-h block, the storm surge model was run to determine the water level at the base of the bluff. If there was no fallen block (as was the case initially) and if the water level (η) at the bluff was greater than beach elevation (h beach ), then niche growth was enabled. If niche erosion was enabled, then the niche growth model was employed to determine the amount of erosion (x m ) in the 12-h block [using Eq. (3)]. If during any 12-hour period, the cumulative depth of the niche (including erosion from a previous time step) exceeded the nominal limit (10 m), then a block of mass 20;903 kg=m (alongshore) was created, and the niche erosion depth (x m ) was reset to 0. If a block existed before the bluff (which would be the case in the 12-hr period following block collapse), the block erosion module would be employed. Aerial photography from July 1979, July 2002, and July 2007, were analyzed using a Geographic Information System (GPS, Jones et al. 2009 ) to measure erosion rates. Shoreline change was obtained by delineating a shoreline position from each time slice and processing it with the Digital Shoreline Analysis System (DSAS) tool (Thieler et al. 2005) to determine an erosion rate for the specified time period. A retreat rate for each time period was obtained at 100-m increments along 4.3 km of shoreline centered at (70°53′ 4.9″; N 153°51′ 23.6″ W) near Drew Point, Alaska. The "measured" shoreline retreat rates for the site (Table 3) are the arithmetic means of 44 erosion rate estimates along the 4.3-km stretch of shoreline. The reported standard deviation of the erosion rate represents the standard deviation of the 44 measurements (Table 3) .
Model Calibration
The model was calibrated primarily based on the observed historic shoreline change rate, and secondarily on the erosion rate of the niche relative to that of the fallen blocks. Oblique aerial photos taken in 2006 (Gibbs and Richmond 2009) and satellite images (Fig. 3) indicated that approximately 25% of the shoreline area was occupied by fallen blocks (75% was block-free), suggesting that niche erosion was active in approximately 75% of the shoreline area. This observation also indicated that niche erosion took approximately 3 times longer than block erosion. Results from Jones et al. (2009b) near Cape Halkett also demonstrated that during the peak of the summer, niche development took 17 days while block degradation took only 5 days.
The primary model parameters that required calibration were the empirical parameters, a and n in the erosion rate expression for the fallen block [See Eq. (4)]. Variables a and n were 800 kg ðm°CÞ À1 and 1.47, respectively. A third model parameter, the elevation of the beach before the bluff, was set to 0.58 m to optimize the calculations. This elevation is somewhat higher than the elevation estimated from the aerial photos (0.3 m).
Results and Discussion
The measured and calculated erosion rates, and the calculated time the bluff would be block-free (i.e., not fronted by a fallen block) are shown in Table 3 as a fraction of total time for the two time periods. Agreement between the model and measurements for two time periods when environmental conditions quite different demonstrated the value of this model (and its components) despite its simplicity. The uncertainty in the calculated erosion rate was estimated using a "bootstrap" approach based on the deviation of modeled and measured monthly average water temperature at Prudhoe Bay between August 1991 and October 1994. The standard error of the modeled water temperature was 2.77, 1.40, 2.07, and 1.40°C in July, August, September, and October, respectively. In the bootstrap approach, monthly near-shore water temperature was considered a random variable with a mean temperature as indicated in Table 1 , and with a standard deviation equivalent to the standard error. Water temperature uncertainty was used in the bootstrap approach because these values were considered the main source of uncertainty in the model calculation (see sensitivity study below), and because it was relatively straightforward to define the uncertainty in temperature. Uncertainty in wind data was also an important source of uncertainty in the model calculation. However, we lack a simple way to characterize the uncertainty in wind condition.
With the environmental parameters selected, the model accurately calculated the average erosion rate in the 1979-2002 period, and slightly over-estimated the erosion rate in the 2002-2007 period by 0.8 m (or 6%)-less than the standard deviation of the shoreline change measurements. In the model simulation of the 1979-2002 period, the fraction (75%) of time that the bluff would be block-free was somewhat less than what was estimated using aerial photos. This was an indication that the niche erosion rate, relative to the block erosion rate, was slower in the 1979-2002 period. In model of the 2002-2007 period, the fraction of time that the bluff would be block-free was slightly higher than estimated using measurements.
The reason for the over-calculation of the erosion rate for the 2002-2007 period is uncertain. One might argue that the model representations of physical processes responsible for shoreline change are oversimplified. The "error" results because the model misrepresents the physical situation. For example, the Kobayashi (1985) model assumed that niches were rectangular in cross-section with vertical melting fronts (Fig. 6) . Photographs of niches at the study site, however, indicate the niche cross-section is actually triangular or trapezoidal with the niche height (distance between floor and ceiling) decreasing with increasing depth into the niche. The Kobayashi model also assumed that niche erosion only occurred when there were breaking waves in the near-shore zone; however, some shoreline-change data based on monthly aerial photos in the past few years indicates some erosion even in the absence of significant storm activity (Jones et al. 2009a (Jones et al. , 2009b . Hence, some niche erosion may occur in the absence of breaking waves. The model also assumed that suspended sediment in the near-shore zone was very fine and uniformly distributed vertically; however, sediment data from nearby sites indicates that up to 20% of sediment could be sand-sized and unlikely to be uniformly distributed (Chien Ping, personal communication, 2009) .
Over-calculation of the erosion rate for the 2002-2007 period may also be attributable to uncertain input data. It is possible that overcalculation of the erosion rate in the later period stems from an overcalculation of the temperature increase between the two periods. Temperature data used to drive the model was obtained from a coarse-grid, ocean sea-ice model because measured near-shore temperature data is not available. According to the ocean sea-ice model, the average near-shore temperature increased by 2.1°C (on average) in the four "open water" months (Table 1), between  the 1979-2002 period and the 2002-2007 period. This amounts to an annual temperature increase of 0:15°C=yr. In contrast, data reported by Steele et al. (2008) indicated that the West Beaufort Sea regional temperature increased by approximately 0.9°C (0.07°C/yr) over the same time period. It is plausible that near-shore water temperatures would increase at a faster rate than regional water temperature.
Modeling of the 2002-2007 period was analyzed to determine the sensitivity of the erosion rate prediction to variation in model parameters (e.g., size of blocks subject to erosion, time step, beach elevation, and rate of block erosion). Variations in those parameters and the consequental change in erosion are provided in Table 4 . The calculations indicate the erosion rate is very sensitive to the elevation of the beach before the bluff. When beach elevation is reduced, sea water is able to contact and erode the bluff base more frequently, increasing the erosion rate significantly (Fig. 8) . The model was relatively insensitive to reductions in block size, time step, bluff height, and rate of block erosion. The latter result suggests the overall shoreline retreat rate is controlled by the niche erosion process and not by the block erosion process. The sensitivity of the model calculation to sea ice extent, near-shore water temperature, and meteorological conditions was gauged by running the 2002-2007 period model using sea ice extent, water temperature, and meteorological data from the 1979-2002 period. The model was sensitive to temporal change in water temperature and meteorology. It was not sensitive to the change in sea ice extent. The fact that the modeled erosion rate was not sensitive to sea ice extent indicates the result would not be sensitive to the ice concentration assumed to designate the effective ice edge. The sensitivity study indicated the modeled erosion rate is very sensitive to the location from which wind data is obtained. Prudhoe Bay wind data includes more frequent and stronger winds from the west and northwest which increases the frequency and strength of storm surges. Ideally, wind data would be obtained from the Drew Point site; however, wind data from the Drew Point area is not available for the time frame evaluated in this study. The sensitivity study points out the importance of obtaining high precision data on model parameters such as near-shore water temperature, beach topography, meteorology, and block geometry. Having higher precision geographic and environmental parameters will enable a higher level assessment of the model. The sensitivity study also suggests that a smaller time step (e.g., 6 h) should be adopted in future studies. The coastal erosion model described above would be applicable to other Arctic coastlines where niche erosion/block collapse is the dominant erosion mechanism. Aerial photos of the Alaska North Slope (Gibbs and Richmond 2009) indicate that 10-20% of the shoreline between Drew Point and Cape Halkett (Fig. 1) suffer from this erosion mechanism. The niche erosion portion of the model includes no empirical parameters, so it should be directly applicable at other sites. The block erosion component of the model, on the other hand, is fairly empirical. If the conditions of block thawing (e.g., block size, block ice content, and near-shore water depth) were to vary significantly from conditions that prevailed at the Drew Point site, the empirical block erosion model could become inaccurate. The rate-limiting process, in the niche erosion/block collapse sequence is the niche erosion process so the overall erosion rate should be relatively insensitive to inaccuracies in the block erosion component. Future work will address the applicability of the model to other sites where the geographic conditions vary from those at Drew Point.
Conclusions
A simple, process-based shoreline erosion model for a segment of rapidly eroding Arctic coastline along the Alaskan Beaufort Sea coastline with niche/block collapse erosion was developed. The model explicitly accounts for the thermal and mechanical processes that result in coastal erosion in this setting. The model accounts for some geologic parameters (e.g. bluff height and ice content). It also accounts for environmental parameters thought to be driving coastal retreat in the Arctic (e.g., water temperature, water level, wave height, and open water extent). The model was calibrated with historic shoreline0change data from a particular time period . It provided a reasonably accurate prediction of shoreline change rate (within 20%) for a later time period (2002) (2003) (2004) (2005) (2006) (2007) . The model indicates the overall shoreline retreat rate is controlled by the niche erosion process. The erosion rate is particularly sensitive to beach elevation and water temperature.
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Notation
The following symbols are used in this paper: a = empirical parameter used in block erosion model (kgðm°CÞ À1 Þ; M block = mass of fallen block per m alongshore (kg m À1 ); n = empirical parameter used in block erosion model; T a = ambient water temperature (°C); T d = temperature difference between ambient temperature and bluff ice melting point (°C); T m = melting point of bluff ice (°C); V = depth-averaged alongshore water velocity (m s À1 ); W 10 = wind speed at 10-m elevation (m s À1 ); x = onshore-directed position coordinate (m); x m = position of the vertical melting front (m); y = alongshore-directed position coordinate (m); η = water surface elevation (m); ϕ = latitude of the study site (degrees); ρ = water density (kg m À3 ); τ by = bottom shear stress in the y direction (Pa); τ s = surface wind stress (Pa); T sx = the surface wind stresses in the onshore direction (Pa); τ sx , τ sy = the surface wind stresses in the alongshore direction (Pa); and Ω = angular frequency of the Earth (rad=s).
